Ll retroposons are represented in mice by subfamilies of interspersed sequences of varied abundance. Previous analyses have indicated that subfamilies are generated by duplicative transposition of a small number of members of the Ll family, the progeny of which then become a major component of the murine Ll population, and are not due to any active processes generating homology within preexisting groups of elements in a particular species. In mice, more than a third of the Ll elements belong to a clade that became active -5 Mya and whose elements are 295% identical. We have collected sequence information from 13 Ll elements isolated from two species of voles (Rodentia: Microtinae: Microtus and Arvicola) and have found that divergence within the vole Ll population is quite different from that in mice, in that there is no abundant subfamily of homologous elements. Individual Ll elements from voles are very divergent from one another and belong to a clade that began a period of elevated duplicative transposition -13 Mya. Sequence analyses of portions of these divergent Ll elements ( -250 bp each) gave no evidence for concerted evolution having acted on the vole Ll elements since the split of the two vole lineages -3.5 Mya; that is, the observed interspecific divergence (6.7%24.7% ) is not larger than the intraspecific divergence (7.9% 27.2%), and phylogenetic analyses showed no clustering into Arvicola and Microtus clades.
Introduction
Mammals contain a small number of families of very abundant interspersed sequences (Singer 1982) ) one of which is the long interspersed repetitive sequence called "LINES-1," or "L 1." L 1 elements are present in high copy number in many eukaryotes, including protozoa (Kimmel et al. 1987) , insects (Fawcett et al. 1986 ), plants ( Schwarz-Sommer et al. 1987) , and all mammals studied so far (Burton et al. 1986 ). The family has been extensively characterized in the mouse, rat, and primates (for reviews, see Rogers 1985; Singer and Skowronski 1985; Edge11 et al. 1987; Fanning and Singer 1988; Hutchison et al. 1989) ; where it accounts for lo%-20% of the genome. Full-length L 1 retroposons are -7 kb in length. However, 90% of the Ll elements in mice contain a truncation of variable size at their 5' end. Laboratory strains of mice contain three major subfamilies of elements. One subfamily, the A clade, shows ~5% divergence (Loeb et al. 1986; Schichman et al. 1992) . F clade elements show -10% divergence ( Wincker et al. 1987; Padgett et al. 1988; Adey et al. 199 1) while a third clade, the V clade, is quite divergent, with elements differing from each other by 20%-25% .
All of the murine species examined to date contain abundant Ll subfamilies showing very little ( <5%) divergence between individual members (Jubier-Maurin et al. 1985; Martin et al. 1985; Bellis et al. 1987) . While it was initially postulated (Jubier-Maurin et al. 1985; Martin et al. 1985; Hardies et al. 1986 ) that this large speciesspecific similarity seen in these subfamilies was due to genetic exchange processes such as gene conversion, molecular analyses (Casavant et al. 1988 ) of the distribution of L 1 elements within the embryonic portion of the P-globin loci of two closely related species of mice, Mus muscuZus (strain BALB/c) and M. caruli, indicated that all of the elements with low divergence were in unique positions and hence must have been placed within the two loci after the divergence of the two species some 2.4 Mya [this time represents a recent recalibration, by She et al. ( 1990) of the divergence times within the murine lineages]. This indicates that the great sequence similarity within the murine A and F clades is due to a high rate of duplicative transposition of particular subfamilies, instead of to a replacement process. To explore the generality of these processes and conclusions, we have collected Ll sequence information from two species of vole (family Microtinae) that diverged from the Muridae -15-25 Mya (Lindsay 1978; Jaeger et al. 1985; Catzeflis et al. 1989 ). The mutation rate in voles is similar to that in mice (Catzeflis et al. 1989) , as are the generation times. We isolated seven Ll sequences from the sibling vole, Microtus epiroticus, and six from the water vole, Arvicola terrestris, which are estimated to have diverged from each other 3.5 Mya (Catzeflis et al. 1987) . Sequences collected from these two species indicate that there is no abundant subfamily of Ll elements in voles with sequence identity of >95%, as there is in murine species.
Material and Methods Genomic Libraries
We produced partial libraries of DNA sequence from two species of voles, Microtus epiroticus (sibling vole) and Arvicola terrestris (water vole), DNA from which was provided by F. Catzeflis (Montpellier, France). Five micrograms of DNA were sonicated to give an average size of 600 bp as measured by gel electrophoresis, and fragmented DNA of size 300-900 bp was eluted from a preparative 1.2% agarose gel by using DE8 1 DEAE paper according to a method described by Dretzen et al. ( 198 1) . The fragments were end repaired for 30 min by using 10 units of Klenow enzyme and 10 units of T4 polymerase and then were phenol extracted, ethanol precipitated, and resuspended in 20 ~1 of 10 mM Tris-HCl (pH 8.0), 1 mM ethylenediaminetetraacetate. Fifty to two hundred nanograms of fragments were then ligated with 20 ng of M 13mp 18 plasmid DNA that had been digested with SmaI and alkaline phosphatase (Messing et al. 1977; Schreier and Cortese 1979; Bankier and Barrel1 1983) to produce a partial library for screening. The ligated material was transfected into DH5aF' cells made competent according to a method described by Hanahan ( 1983) . Approximately 70% of the transformants contained recombinants, as determined by lack of P-galactosidase activity on x-gal indicator plates. 
Hybridization
The phage library was probed with a single-stranded radiolabeled probe called "Bad" [the 540-bp BamHI fragment from the 3' end of ORF 2 of a Mus muscdus BALB/c Ll element cloned into M 13mp7 by Martin et al. ( 1984) ] at low stringency, i.e., in 40% formamide at 42°C overnight, followed by two 15min washes in 0.3 M NaCl, 0.03 M sodium citrate ( 2 X SSC), 0.1% SDS at room temperature and by three 30-min washes in 0.1 X SSC, 0.1% SDS at 42°C. These conditions should detect any Ll sequence with 265% homology with the probe. Hybridizing clones were picked, replated, and rescreened for purification according to a method described by Jahn et al. (1980) .
DNA Sequencing
The nucleotide sequences of the vole DNA were determined by the dideoxy chain-termination method of Sanger et al. ( 1977) ) as modified by Bankier and Barrel1 ( 1983) and Padgett et al. ( 1988) . We used a 17-base sequencing primer derived from sequence at the 3' end of the Hind111 site of M 13mp 18 to collect our initial sequence data and then used that sequence to design an oligonucleotide primer (2 1 bases) from within the vole Ll sequence. The sequence data reported here were derived from only one strand. The GenBank accession numbers for our new sequences are MIC 1, M94693; MIC 6, M94694; MIC 8, M94695; MIC 16, M94696; MIC 19, M94697; MIC 20, M94698; MIC 28, M94699; ARV 2, M94700; ARV 7, M94701; ARV 8, M94702; ARV 17, M94703; ARV 18, M94704; and ARV 20, M94705.
Sequence Analysis
Sequence data were entered into a VAX 11/780 data base using the SEQUINP and BATCAT programs developed by . Homology search analysis between pairs of sequences was done by using programs from the University of Wisconsin GCG package (version 5.0). Multiple alignments of homologous sequences were done by using a sequence alignment tool called "SALT" (White et al. 1984) . The phylogenetic trees were constructed by using DNAPARS and DNABOOT programs from the PHYLIP package (version 3.4) provided by J. Felsenstein (Department of Genetics, University of Washington, Seattle).
Results

Copy Number
To maximize the amount of useful sequence from Ll that could easily be sequenced and would then be comparable for divergence analysis both with each other and with previously collected data, we produced partial genomic libraries by using short vole DNA fragments (average size 600 bp, as estimated on the basis of electrophoresis) generated by sonication. Clones were chosen on the basis of hybridization to a 540-bp Barn5 probe that previously had been used to define a region for similar analyses in several species of mice (Martin et al. 1985; Hardies et al. 1986 ). Of 6,000 Microtus recombinants, 67 hybridized positively with the Barn5 probe at low stringency, and 62 of 5,700 Arvicola recombinants were positive. The number of Ll copies per haploid genome can be approximated by using the formula N = -[In ( 1 -f)] G/S, where fis the fraction of positive clones, G is the size of the genome, and S is the size of the inserts. Given that G = 3 X lo9 bp and that S = 600 bp, the Barn5 homologous sequence is present in -55,000 copies in the vole genome (Microtus = 56,200; and .
Arvicola = 54,700). Hybridization of the same probe, under the same low-stringency conditions, to a BALB/c library (provided by S. Schichman) containing sonicated DNA fragments of average size 1,100 bp gave 98 positive clones, of 3,000 recombinant phages tested. This gives a copy number of 90,000 for the Barn5positive sequences in BALB/c.
Determination of Nucleotide Divergence
The region used for divergence analysis was the 3' end of the large mouse Ll open reading frame (coordinates 6385-6697 from the Ll Md-A2 sequence from Mus musculus BALB/c; Loeb et al. 1986 ). Seven clones from the Microtus library contained ~200 bp of Ll sequence and were used in this analysis. We also isolated from the Arvicola library six clones with 2.200 bp of sequence from this same region. These 13 sequences were then aligned to each other and to consensus Ll sequences from Mus musculus BALB/c (A and F types), Mus caroli, A&s platythrix, Rattus rattus, and Homo sapiens and to a divergent L 1 element, L 1 Md-19, from Mus musculus BALB / c ( fig. 1 ). Each of the 13 aligned vole sequences were compared with each other and with reference sequences in all pairwise combinations (table 1). Divergence was determined by the fraction of overlapping bases mismatched, given the alignments, with and Arvicolu with rodent and human L 1 sequences. The alignments are shown in a difference format with respect to the consensus sequence (Con Vole) derived from the vole sequences. Nucleotides underlined in the concensus vole sequence represent the informative sites used to derive the parsimony tree shown in fig. 2 . Identity in the other sequences is indicated by a period (.), a nucleotide difference is indicated by the appropriate base, a deletion or pad is indicated by a dash (-), and lack of sequence is indicated by a space. The letter "R" in the figure indicates an A or G; the letter "Y," a T or C. The sources of the other sequences are as follows: Mus curoli (Con MC) and Muspluththrix (Con Mp) (Martin et al. 1985) ; LlMd A2 (Loeb et al. 1986 ) and LlMd F3 and LlMd 19 ; R. Shehee, personal communication); rat (from ratline-3; D'Ambrosio et al. 1986); and human (from TbG 41; Hattori et al. 1985) . no contribution to the score by insertions or deletion (indels). In contrast to what was found in the mouse, the average intraspecific divergence in both Microtus ( 18.5%; range 7.9%-27.2%) and Arvicola ( 16.2%; range 9.6%-23.3%) was not significantly different from the interspecific divergence of 17.5% (range 6.7%-24.7%). Table 2 summarizes the divergence distribution (number of pairwise comparisons within a particular range of divergence) in the Barn5 homologous region of Ll elements from three groups-voles, mice, and humans. However, the Ll sequences from mice represented in this table were collected in previous studies at high stringency. Thus the divergent V clade is not represented in the table, because no V clade sequence is b Data are percent divergence with no contribution from indels. ND = not determined. ' The inbred strain, BALB/c. available from the region being analyzed. The divergence distribution in the voles is quite different from that for mice, even after account is taken of the missing divergent clade in mice, in that there is no abundant clade of very similar Ll elements in the vole, as there is in the mouse. In our sample of vole Ll elements, 90% of the pairwise comparisons show a divergence > 10%. On the other hand, in each species of mouse there is a clade whose members show divergence values of <5% from each other.
Age of Divergent Clade
We can estimate the divergence rate of Ll elements in this portion of the element on the basis of the observations by Martin et al. ( 1985) ) who measured a 5.4% difference between L 1 elements from caroli and BALB/c, which have been estimated to have diverged from each other 2.4 Mya. Correcting for homoplastic substitutions by the formula of Jukes and Cantor ( 1969) (Pestim = -'/4 X ln( 1 -4/3 X Pobserved), we get an estimated divergence rate of 2.28%/Myr. This rate is very similar to that for singlecopy DNAs, as estimated from DNA-DNA hybridization between A4us musculus and Mus caroli (2.9%; She et al. 1990 ) and within voles (2.5%; Catzeflis et al. 1989) . The observed values of Ll divergence in the vole, 6.7%-24.7%, can similarly be corrected, to give estimated values of 7.0%-30.0%. It therefore appears that the most divergent L 1 elements in the vole were placed into the genome -13.1 Mya and that the least divergent elements in our collection w&-e placed in the genome -3.1 Mya.
Phylogenetic Analysis
To visualize the ancestry of the various Ll elements, we analyzed our data set with two kinds of phylogeny-inference algorithms. One, the FITCH program of the PHYLIP package version 3.4, was used to search for the Fitch-Margoliash least-squares estimate of the phylogenetic tree (results not shown) by using the pair-wise divergence matrix (table 1) . In addition, we ran the program DNAPARS (same package), which performs a site-by-site maximum-parsimony algorithm on the aligned sequences ( fig.  1 ), over two short regions and over a large region from which the tree shown ( fig. 2) is derived. The region covering nucleotides 1 I-195 ( fig. 1 ) contains 42 variable sites if only the 13 vole sequences are considered and contains 79 variable sites if all 21 sequences are taken into account. This region contains two CG dinucleotides that were removed from one of the short alignments for analysis. Region lo-288 contains 67 informative sites over 12 vole sequences and contains 10 1 sites when the 8 reference sequences are added. Analysis of these three data sets by using the parsimony method gave the same general results; that is, while the branching details between the vole sequences varied somewhat, depending on the exact data set (75,79, or 10 1 informative sites), the vole sequences always clustered together relative to the mouse, rat, and human sequences, and the Microtus and Arvicola sequences were always admixed. The parsimony tree shown ( fig. 2) gives bootstrap information as percent of 500 replicates ( DNABOOT ) .
As expected from the divergence distribution, the branching order of the vole Ll sequences is not resolvable, by these analyses, into two species-specific groups. Thus there is no evidence, within our sampling of the vole L 1 population, for species-specific homogenization of this divergent Ll family. Maximum-parsimony analyses of our data set also showed no clustering of the Microtus sequences with respect to Awicola.
The number of substitutions found in the most parsimonious phylogenetic trees for the 38 informative sites among the 13 vole sequences is 105. This gives 2.6 mutations per site, which is noticeably higher than the number of substitutions per site (2.1) when one analyzes the entire 185-bp region from which the informative sites were drawn.
Discussion
Distribution of Divergence within the Ll Population in Voles
Although the average pairwise divergence among the vole Ll elements was 17.5%, some elements showed pairwise divergence as low as 6.7%. This indicates that at least one vole Ll element became active only a few million years ago. This raises the possibility of explaining the differences that we see between voles and mice by postulating that voles have a large number of currently active elements and that the great divergence seen in our Ll sequences is due to not collecting multiple samples from each of the clades. This does not seem to be the case, because elements recently derived from active clades should have intact open-reading-frame sequences, but sequences from the divergent vole elements contain multiple mutations (frameshifts, termination codons, and amino acid replacements), indicating that it has been a long time since the elements were inserted into the genome. The estimated divergence range ( 30%-7% ) and the estimated L 1 divergence rate of 2.28% /Myr indicates that an L 1 duplicative transposition interval began in voles -13 Mya, which is after the most recent estimated time for the divergence of mice and voles. This suggests that the Ll elements that we have isolated from the vole should be vole specific. This supposition is supported by the fact that the bulk of the vole Ll elements cluster together in the phylogenetic analyses (fig. 2) . The youngest Ll element in our collection was generated -3 Mya. Although the size of our data set does not allow us to exclude the possibility that younger elements exist in the vole genome, we can conclude that the rate of amplification of any currently active element must be very low compared with the active elements in mice, since there is no single abundant clade of recently (43 Mya 2. -Unrooted parsimony tree for the L 1 sequences from voles, rodents, and human. This maximumparsimony tree was obtained by using the DNAPARS and DNABOOT programs from the PI-IYLIP package (Felsenstein 199 1) using 102 informative sites from the nucleotide sequences from fig. 1 , with the human sequence set as the outgroup. The numbers at the nodes are percent of the time that the multiple tree members to the right of the node were found in the 500 replicates analyzed. Branch lengths have no significance.
Ll elements in voles, as has been seen in six different species of mice Bellis et al. 1987) .
Copy Number of the Divergent Clade
Mice and voles are estimated to have diverged -20 Mya [ Catzeflis et al. ( 1989) estimate it as 15 Mya on the basis of DNA data, and Lindsay ( 1978) and Jaeger et al. ( 1985) estimate it as 25 Mya on the basis of fossil evidence], and hence the divergence of mice and voles occurred prior to the time when the oldest Ll elements in our collection were placed into the vole genome. Hybridization of an Ll probe from the murine Barn5 region of Ll at low stringency to plaques containing DNA fragments of the vole genome indicates that this region is present in voles at a relative abundance of 55,000 copies/genome equivalent. Hybridization of the same probe, under the same low-stringency conditions, to our BALB / c library gives 90,000 copies / genome equivalent of the Barn5 region, as compared with 57,500 copies (45,000-70,000 copies, depending on the library) for the Barn5 region in the A and F clades when the probing was carried out at high stringency (M. Comer, personal communication ) .
Are Ll Elements Evolving in Concert?
Sequence families that are evolving in concert (i.e., families within which processes are at work to reduce the species-specific divergence of existing elements) should show a smaller intraspecific versus interspecific divergence. In the vole the intraspecific divergence within our Ll samples (7.9%-27.2%) was not smaller than the interspecific divergence (6.7%-24.7%), indicating that there are no processes at work on this divergent vole Ll family that are sufficient to reduce the divergence of existing members within these species since their divergence -3.5 Mya. This conclusion is supported by the fact that we see no species-specific clustering of the Arvicola and Micro&s Ll elements within our analyses of the phylogenetic relationships of the vole Ll elements sampled. These observations tell us that the rate of any exchange processes such as gene conversion acting on the L 1 family since the divergence of Arvicola and Micro&s is not sufficient to reduce the average divergence between L 1 elements in these species.
L 1 Population Dynamics
Our results suggest that L 1 expansion within the genome is a discontinuous process and that Ll amplification has turned on and off at various times during evolution; that is, Ll elements appear to produce large numbers of elements via duplicative transposition only during discrete intervals, and different species seem to have different intervals in which the Ll amplifications have been high. This is similar to what has been concluded for the population dynamics of the smaller repetitive elements (i.e., SINES) in mammals (Deininger 1989), although the amplification intervals for these smaller elements seems to be so short as to be more of a burst. In murines, in contrast to the voles, there has been a relatively recent duplicative transposition interval in which a large number ( -50,OfiO) of new Ll elements were produced during a 2-3-Myr interval . A puzzling aspect of this amplification event in murines is that it appears to have taken place at approximately the same time in at least six murine species (Mus platythrix, Mus spretus, Mus spicilegus, Mus macedonicus, Mus caroli, and Mus musculus) that diverged from each other prior to the beginning of this duplicative transposition interval (Jubier-Maurin et al. 1985; Martin et al. 1985; Bellis et al. 1987 ). Since it seems unlikely that in mice there were six independent amplification events all at the same time, there must have been, in mice, some unknown common feature leading to these amplification events that was not present in voles. One way to explain this would be to postulate that the duplicative transposition interval began in the ancestor common to these murine species but that it was accompanied by a deletion process, as proposed by Hardies et al. ( 1986 ) . Recalibrating that rate by using She et al.'s ( 1990) time of the domesticus/caroZi divergence gives an Ll turnover rate of 0.8 Myr, which would be sufficient to give the observed results. Another puzzling feature, given both this picture of L 1 duplicative transposition intervals occurring at random times in mammals and the capacity to generate a very large number of Ll elements in a time very short with respect to the mammalian radiation ( -50,000 copies in 3 Myr in mice), is the relative similarity of Ll copy numbers in the various mammals (Burton et al. 1986 ). It will therefore be very interesting to discover whether there are processes that can act to limit Ll copy number, such as impact on fitness, Ll -mediated copy-number control, or generic deletion mechanisms acting on the Ll family.
